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SYSTEMS AND METHODS FOR
PROTECTION OF AUDIO AMPLIFIER
CIRCUITS

RELATED APPLICATIONS

This application claims priority to U.S. Provisional Patent
Application No. 60/469,776, entitled “Marco PWM Protec-
tion Logic,” by Kost, et al., filed May 12, 2003; U.S. Provi-
sional Patent Application No. 60/456,414, entitled “Adaptive
Anti-Clipping Protection,” by Taylor, et al., filed Mar. 21,
2003; U.S. Provisional Patent Application No. 60/456,430,
entitled “Frequency Response Correction,” by Taylor, et al.,
filed Mar. 21, 2003; U.S. Provisional Patent Application No.
60/456,429, entitled “High-Efficiency, High-Performance
Sample Rate Converter,” by Andersen, et al., filed Mar. 21,
2003; U.S. Provisional Patent Application No. 60/456,421,
entitled “Output Device Switch Timing Correction,” by Tay-
lor, et al., filed Mar. 21, 2003; U.S. Provisional Patent Appli-
cation No. 60/456,422, entitled “Output Filter, Phase/Timing
Correction,” by Taylor, et al., filed March 21, 2003; U.S.
Provisional Patent Application No. 60/456,428, entitled
“Output Filter Speaker/Load Compensation,” by Taylor, et
al., filed Mar. 21, 2003; U.S. Provisional Patent Application
No. 60/456,420, entitled “Output Stage Channel Timing Cali-
bration,” by Taylor, et al., filed Mar. 21, 2003; U.S. Provi-
sional Patent Application No. 60/456,42°7, entitled “Intelli-
gent Over-Current, Over-Load Protection,” by Hand, et al.,
filed Mar. 21, 2003; each of which 1s fully incorporated by

reference as 11 set forth herein 1n 1ts entirety.

BACKGROUND

1. Field of the Invention

The mvention relates generally to audio amplification sys-
tems, and more particularly to systems and methods for
detecting a variety of potential failure conditions 1n a digital
amplification system and providing a programmable
response to the detected failure conditions.

2. Related Art

Pulse Width Modulation (PWM) or Class D signal ampli-
fication technology has existed for a number of years. PWM
technology has become more popular with the proliferation
of Switched Mode Power Supplies (SMPS). Since this tech-
nology emerged, there has been an increased interest in
applying PWM techniques 1n signal amplification applica-
tions as a result of the significant efliciency improvement that
can be realized through the use of Class D power output
topology 1nstead of the legacy (linear Class AB) power output
topology.

Early attempts to develop signal amplification applications
utilized the same approach to amplification that was being,
used in the early SMPS. More particularly, these attempts
utilized analog modulation schemes that resulted in very low
performance applications. These applications were very com-
plex and costly to implement. Consequently, these solutions
were not widely accepted. Prior art analog implementations
of Class D technology have therefore been unable to displace
legacy Class AB amplifiers in mainstream amplifier applica-
tions.

Recently, digital PWM modulation schemes have sur-
faced. These schemes use Sigma-Delta modulation tech-
niques to generate the PWM signals used 1in the newer digital
Class D implementations. These digital PWM schemes, how-
ever, did little to offset the major barriers to integration of
PWM modulators into the total amplifier solution. Class D
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technology has therefore continued to be unable to displace
legacy Class AB amplifiers in mainstream applications.

One of the problems 1s that prior art means for protecting
the PWM amplifier circuitry are not very efficient or effective.
Because PWM amplifiers handle high currents and voltages,
there 1s a danger that the amplifiers may fail in a catastrophic
manner. For example, the amplifiers may be driven until they
overheat and burn up their circuitry.

Existing protection schemes make use of traditional ana-
log-based circuits. These circuits have a number of shortcom-
ings. For instance, prior art protection circuits conventionally
have to be characterized and adjusted 1n a laboratory environ-
ment. Once the design of a protection circuit 1s finalized, 1t 1s
not possible to adjust the circuit 1n a particular amplifier. As a
result of manufacturing tolerances, the actual operation of the
circuit can vary significantly from one amplifier to another.
The RC circuits that provide the time constant mechanisms 1n
the design are particularly vulnerable to manufacturing tol-
erances. The circuit may therefore operate as intended in one
device, while mnitiating a response to a failure condition either
too quickly or too slowly 1n another device.

Another of the shortcomings of conventional protection
circuits 1s that the response to a particular failure condition 1s
fixed. Typically, the response will simply be to shut down the
amplifier upon detecting the failure condition. While this
response may be approprate for a condition such as excessive
current in the amplifier (which could destroy the amplifier’s
circuitry), 1t may not be appropriate for a condition such as a
temperature that 1s slightly elevated, but that would not cause
immediate damage to the system.

Still another of the shortcomings of conventional protec-
tion schemes 1s that they typically require a separate circuit to
handle each of the potential failure conditions. The need for
separate circuitry increases the complexity of the overall sys-
tem design and consequently increases the likelihood of
related problems, such as component failures, power con-
sumption, heat build up, and the like.

It would be desirable to provide a protection schemes for a
digital PWM amplification system that did not sufler from
these shortcomings.

SUMMARY OF THE INVENTION

One or more of the problems outlined above may be solved
by the various embodiments of the invention. Broadly speak-
ing, the imvention comprises systems and methods for pro-
viding protection from failure events 1n a digital audio ampli-
fication system.

One embodiment of the invention comprises a system hav-
ing a digital amplifier controller, an amplifier output stage
coupled to the controller and configured to recerve audio
signals from the controller, one or more sensors coupled to the
output stage and one or more low-pass filters coupled to
receive sensor signals from the one or more sensors. The
low-pass filter 1s configured to filter the sensor signals and to
provide the filtered sensor signals to the controller, which
provides a programmable response to the filtered sensor sig-
nals. The response may range from not taking any action, to
limiting the amplification of audio signals, to shutting down
the system.

In one embodiment, a system as described above 1s imple-
mented 1 a pulse width modulated (PWM) amplification
system. This system may detect failure conditions including,
over-current conditions, over-temperature conditions and
shoot-through conditions. The system may be configured to
automatically calibrate high-side and low-side signal delays
to optimize the dead time between high-side and low-side
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pulses and minimize shoot-through. The low-pass filters in
the system may comprise accumulators that are configured to
accumulate bits from binary protection signals. These protec-
tion signals may be generated by comparators that compare
sensor signal levels to reference levels and then produce high
or low signals, depending upon whether the sensor signals are
above or below the respective thresholds. The accumulators
may be integrated ito a processor such as a digital signal
processor (DSP) that provides the controller functionality.

Another embodiment of the invention comprises a method
including the steps of sensing a condition of an audio ampli-
fier output stage, providing a sensor output signal correspond-
ing to the sensed condition, low-pass {filtering the sensor
output signal to produce a filtered sensor signal, providing the
filtered sensor signal to an audio amplifier controller and
providing a programmable response to the filtered sensor
signal. The method may be implemented 1n a system such as
1s described above.

Numerous additional embodiments are also possible.

The various embodiments of the mnvention may provide a
number ol advantages over the prior art. For example, by
performing the low-pass filtering of the protection signals in
a programmable accumulator, the behavior of the accumula-
tor as a low-pass filter may be easily modified after manufac-
ture. The variability inherent 1n prior art protection mecha-
nisms can therefore be avoided. Further, because the filtered
protection mformation 1s provided to a programmable con-
troller, the controller can provide a programmable response to
various different failure conditions that may be detected,
rather than being limited to a single response (1.¢., shutting
down the system), as 1n the prior art. Still further, the imple-
mentation of digital protection mechanisms as used in the
various embodiments may enable functions such as the auto-
matic calibration of signal delays to minimize shoot-through
current and optimize the performance of the amplifier. Still
other advantages will be apparent to those of skill in the art of
the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

Other objects and advantages of the invention may become
apparent upon reading the following detailed description and
upon reference to the accompanying drawings.

FIG. 1 1s a functional block diagram illustrating a PWM
amplification system 1n accordance with one embodiment.

FIG. 2 1s a diagram 1llustrating the interrelation of the
output stage and the sensor subsystem 1n accordance with one
embodiment.

FIG. 3 1s a functional block diagram 1llustrating the inter-
connection of an output stage and a sensor subsystem to other
system components in accordance with one embodiment.

FI1G. 4 1s a functional block diagram illustrating the com-
ponents of a protection system 1n accordance with one
embodiment.

FIG. 5 1s a diagram 1illustrating the compression of audio
signals by the the amplifier 1n accordance with one embodi-
ment.

While the invention 1s subject to various modifications and
alternative forms, specific embodiments thereof are shown by
way ol example i the drawings and the accompanying
detailed description. It should be understood, however, that
the drawings and detailed description are not intended to limit
the 1nvention to the particular embodiment which 1s
described. This disclosure 1s 1nstead intended to cover all
modifications, equivalents and alternatives falling within the
scope of the present mvention as defined by the appended
claims.
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DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

One or more embodiments of the mvention are described
below. It should be noted that these and any other embodi-
ments described below are exemplary and are intended to be
illustrative of the invention rather than limiting.

As described herein, various embodiments of the invention
comprise systems and methods for providing protection from
failure events 1n a digital audio amplification system. One
embodiment of the mvention comprises a protection sub-
system for a digital pulse width modulated (PWM) amplifi-
cation system, wherein signals from failure condition sensors
are digitized and low-pass filtered, then processed to deter-
mine the appropriate response to the signals. The response to
cach of the signals and corresponding failure conditions is
programmable and may range from no action, to reducing the
level of amplification, to shutting down the system.

In one embodiment, the digital PWM amplification system
1s 1mplemented using a digital signal processor (DSP) to
process the failure condition signals as well as the audio
signals. Each failure condition signal 1s passed through a
separate low-pass filter before being processed by common
protection logic. The low-pass filters are implemented as
accumulators that count up or down, based on whether the
corresponding digital failure condition signal 1s 1 or 0. Each
of the accumulators has a corresponding threshold, such that
when the count of the accumulator exceeds the threshold, a
failure event has occurred and a corresponding response 1s
triggered. As indicated above, these responses are program-
mable.

In one embodiment, the system 1s configured to protect
against over-current conditions, over-temperature conditions,
and shoot-through current. Separate sensor components and
corresponding comparators are used to sense each of these
conditions and generate corresponding output signals. The
signals are processed through corresponding accumulators
that serve to low-pass filter the signals. The filtered signals are
then processed by common logic within the DSP to generate
programmable responses to the conditions indicated by the
signals.

Reterring to FI1G. 1, a functional block diagram 1llustrating,
a PWM amplification system 1n accordance with one embodi-
ment of the invention 1s shown. As depicted 1n the figure,
PWM amplification system 100 comprises an internal pro-
cessor 110, a delta-sigma converter 120, a PCM-to-PWM
modulator 130, a Driver 150, an output stage 160, an output

filter 170 and a sensor subsystem 180. Delta-sigma converter
120 and PCM-to-PWM modulator 130 form a Class D modu-

lator 140.

A digital audio signal 1s first input to internal processor
110. Internal processor 110 performs audio processing on the
digital audio signal. The internal processor 110 may perform
various types of processing on the signal, including the modi-
fication of the signal 1n response to a detected failure condi-
tion of the system. This will be discussed 1n more detail
below. The processed digital audio signal 1s then converted to
a 1-bit digital data stream by Class D modulator 140. This
1-bit data stream 1s characterized by two control signals that
are output to driver 150, which then uses the signals to drive
the upper and lower switches of output stage 160. The signal
produced by output stage 160 1s then processed by output
filter 170. The signal output by filter 170 can then be used to
drive a speaker system (not shown).

Output stage 160 handles the high voltages and high cur-
rents that typically are the sources of system failures. The
present protection system therefore incorporates sensor sub-
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system 180 which 1s tightly coupled to output stage 160. In
one embodiment, sensor subsystem 180 incorporates both
temperature and current sensors for each of the audio ampli-
fication channels 1n the system, and can therefore sense
potential failure conditions including over-current condi-
tions, over-temperature conditions and shoot-through condi-
tions.

Referring to FIG. 2, a diagram 1llustrating the interrelation
of the output stage and the sensor subsystem in accordance
with one embodiment 1s shown. It should be noted that, for the
purposes of clarity, the diagram only shows the major com-
ponents of the output stage and sensor subsystem.

In FIG. 2, the output stage components consist primarily of
high-side FET 210, low-side FET 211, inductor 215 and
capacitor 216. As described above, the driver circuit provides
a high-side signal and a low-side signal to the output stage.
The high-side signal drives FET 210, while the low-side
signal drives FET 211. The high-side and low-side signals
alternately switch FETs 210 and 211 on and off to generate a
single signal that 1s modulated between V,and V, . This signal
1s filtered by inductor 215 and capacitor 216 before being
provided as an output signal.

The sensor subsystem depicted 1n FIG. 2 consists of resis-
tors 220 and 230, thermal diodes 240 and 250, and corre-
sponding comparators 221, 231, 241 and 251. FEach of the
circuit component-comparator pairs (e.g., resistor 220 and
comparator 221) produces a protection signal that 1s related to
the corresponding failure condition. “Failure condition™ 1s
used here to refer generally to a condition that may lead to a
tailure and consequently 1s being monitored. For example, an
excessive amount of current through the FETs 1s a failure
condition for the purposes of this disclosure. This protection
signals are provided to a protection system that will be
described 1n more detail below. The protection system pro-
cesses the signals to determine whether the failure conditions
warrant a response and provides the appropriate response 11
necessary.

The operation of each circuit component-comparator pair
1s relatively straightforward. Considering, for example, resis-
tor 220 and comparator 221, the current that flows through
high-side FET 210 also flows through resistor 220. A voltage
1s therefore developed across resistor 220, wherein the volt-
age 1s proportional to the current through FET 210. Compara-
tor 221 compares the voltage across resistor 220 (an analog
signal) to a reference value and generates a corresponding
binary protection signal. IT the voltage across resistor 220 1s
less than the reference value, the protection signal 1s low
(binary 0). If the voltage across resistor 220 1s greater than the
reference value, the protection signal 1s high (binary 1). The
operation of comparator 231 in conjunction with resistor 230
1s 1dentical, except that they measure the current flow through
FET 211 instead of FET 210. It should be noted the current
could be measured 1n other ways, e.g., Hall effect sensors or
transformers, 1n other embodiments.

The operation of the thermal diode-comparator patirs 1s the
same as that of the resistor-comparator pairs except for the
tfunctionality of the thermal diodes (as compared to the resis-
tors). Considering thermal diode 240 and comparator 241,
thermal diode 240 1s placed as close as possible to FE'T 210 in
order to provide the best possible thermal contact between the
two. Thermal diode 240 will therefore track the temperature
of FET 210. Within a certain temperature range, the voltage
across thermal diode 240 varies linearly with changes 1n
temperature. (It 1s assumed that comparator 241 includes
circuitry to apply a potential across thermal diode 240 and
various other circuit components 1n order to be able to mea-
sure a voltage across thermal diode 240.) Comparator 241
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compares the voltage across thermal diode 240 to a reference
value and generates a corresponding protection signal. If the
voltage across thermal diode 240 i1s less than the reference
value, the protection signal 1s low, and 11 the voltage 1s greater
than the reference value, the protection signal 1s high. Com-
parator 251 and thermal diode 250 operate 1n the same man-
ner, except that they measure the temperature of FET 211
instead of FET 210.

It should be noted the temperature could be measured 1n
other ways in other embodiments. For example, temperature
sensitive resistors or temperature sensing itegrated circuits
could be used. Also, other embodiments could sense the tem-
perature indirectly. For instance, the transistors of the output
stage are typically coupled to a heat sink in order to dissipate
their heat, so the sensors could be coupled to the output
stage’s heat sink, rather than being directly coupled to the
transistors. Still other variations are also possible.

As noted above, one embodiment of the invention 1s con-
figured to detect shoot-through current. Normally, only one of
FETs 210 and 211 1s turned on at any time, so current flows
through one or the other, but not both. Shoot -through 1s the
condition 1n which both FET's are turned on at the same time,
allowing current to tflow through both FETs. Typically, this
current 1s much greater than the current that flows through a
single one of the FETs. Shoot-through is not desirable for a
number of reasons, including the fact that it dramatically
increases the power consumption of the amplifier.

Shoot-through can be detected using the same resistor-
comparator pairs that are used to detect over-current condi-
tions. In one embodiment, current spikes corresponding to
shoot-through are detected using a single resistor-comparator
pair. In an alternative embodiment, both high-side and low-
side resistor-comparator pairs can be used to detect shoot-
through. In one embodiment, information on the currents
through the FETs 1s used to adjust to the timing of the high-
side and low-side signals to eliminate excessive shoot-
through current.

Referring to FIG. 3, a functional block diagram illustrating,
the mterconnection of the output stage and sensor subsystem
to other system components 1n accordance with one embodi-
ment 1s shown. In this embodiment, audio data from an audio
source 310 1s 1input to the DSP core 320 of the PWM amplifier.
The audio data 1s processed by DSP core 320 and provided to
PWM controller 330. PWM controller 330 outputs high-side
and low-side signals to drive the FETs of output stage 340.
Typically, the FETs are driven using a driver component,
rather than directly by PWM controller 330, but the driver 1s
not shown 1n FIG. 3 for purposes of clarity.

The sensor subsystem (including the resistors, thermal
diodes and comparators described 1n connection with FIG. 2)
1s coupled to the output stage to provide feedback on its
operation. The output of each of the comparators 1s transmiut-
ted to protection system 360. Protection system 360 processes
these inputs and determines whether the signals indicate that
a Tailure has occurred or 1s about to occur. Protection system
360 then generates an appropriate response and transmits this
response to DSP core 320 and/or PWM controller 330, which
can then shut down the system or adjust 1ts operation to avoid
a failure event.

Referring to FIG. 4, a functional block diagram illustrating
the components of protection system 360 1n accordance with
one embodiment 1s shown. It should be noted that the com-
ponents 1llustrated here correspond to a single protection
channel. In other words, a signal 1s taken from a single one of
the comparators described above and 1s processed to deter-
mine whether that signal indicates that a failure 1s impending.
Protection system 360 may be configured to handle multiple
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protection channels. Responses corresponding to detected
failure conditions on any of these channels can then be gen-
crated by the protection system.

As depicted 1n FIG. 4, a raw protection signal 1s received
from one of the comparators and 1s input to a polarity correc-
tion unit 410. Polarity correction unit 410 may be used to
convert the raw protection signal from high to low, or from
low to high, as 1t may be desirable to implement some pro-
tection signals as active high, while others are active low. The
polarity corrected signal 1s then provided to accumulator 420.
Accumulator 420 acts as a low pass filter. The filtering char-
acteristics of accumulator 420 are determined by, e.g., the
sample rate of the accumulator and the threshold level of the
accumulator at which a response 1s triggered. This will be
described 1n more detail below. The output of accumulator
420 1s provided to protection response selection unit 430.
Protection response selection unit 430 selects a response
which 1s appropriate to the signal recerved from accumulator
420. The response may range from taking little or no action to
taking very drastic action. For example, protection response
selection umit may simply provide status information, or 1t
may provide an interrupt to the DSP core, or it may shut down
the PWM amplifier altogether. The components of the pro-
tection system are controlled by a protection control sub-
system 440.

In one embodiment, the PWM protection subsystem con-
tains a 10-bit accumulator (an accumulation counter) for each
of the protection channels. The accumulation counter func-
tions as a low-pass filter and generates a signal indicative of a
potential failure event when a programmable accumulation
threshold 1s reached. An 8-bit divider 1s provided in this
embodiment to effectively reduce the sampling rate of the
input to the accumulation counter. Each accumulation
counter generates an output which 1s provided to the PWM
controller so that appropriate action can be taken 1n response
to the received signals. The output may be provided as polled
register bits, interrupts or other types of signals.

As noted above, the accumulation counter functions as a
low-pass filter for the raw protection signal received from the
comparator of the sensor subsystem. In one embodiment, the
accumulation counter has a threshold value of X and a maxi-
mum value of 2X. When the protection signal mput to the
accumulation counter 1s 0, the counter 1s decremented. When
the protection signal 1s 1, the counter 1s incremented. The
sample period for the accumulation counter 1s controlled
through the use of the divider mentioned above. If the value of
the counter 1s less than X, the output of the accumulation
counter 1s not asserted (e.g., 1t 1s low). When the value of the
counter equals or exceeds X, the output of the speculation
counter 1s asserted (e.g., 1t 1s high), indicating that a condition
associated with a potential failure has been detected.

The value of X 1s equivalent to a time constant for the
accumulator. For example, 11 the value of X 1s large, 1t will
take a long time for the accumulator to trigger a response to its
input. On the other hand, if the value of X 1s small, 1t will take
a short time for the accumulator to trigger a response. In one
embodiment, X 1s a programmable value, so the accumulator
can be programmed to respond to its mput very quickly, or
very slowly. The behavior of the accumulator can also be
alfected by other factors, such as whether the accumulator
saturates at either or both limits. “Saturate,” as used here,
means that when the accumulator reaches 1ts upper limit, it
remains at the limit rather than incrementing/decrementing,
past the limit or resetting. The accumulator may also have
inputs to clear the accumulator or reset it to a known state.

The outputs of the accumulators for the different protection
channels are handled by software that executes protection
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algorithms appropriate to the respective failure conditions.
The algorithms employed 1n one embodiment to handle over-
temperature, over-current and shoot-through conditions are
described below.

In one embodiment, the system 1s configured with one
over-temperature channel per audio channel. The over-tem-
perature channel comprises a thermal sensor and a corre-
sponding comparator that generates a binary output signal as
described above. The accumulator 1s programmed to accu-
mulate the binary output of the comparator with a time con-
stant of several milliseconds. The system will set a sticky-bit
when the accumulator reaches 1ts threshold value (50 percent
of 1ts maximum value). The purpose of the sticky-bit 1s to
ensure that an indication of the over-temperature condition 1s
maintained until 1t can be noted by the algorithm that controls
the generation of responses to this condition. After the soft-
ware detects the sticky-bit, 1t clears the accumulator and the
sticky-bit. The software as exemplified by the routine shown
below, runs periodically during background system mainte-
nance.

if (errorBitSet( ) == 1)
{ error += C_ ERROR__INC;
attenuate__output( );

clearErrorBit( );

;

else
error —= C__ ERROR__DEC;
if (error > C__SHUTDOWN)

shutdown_ pwm( );

As used 1n this algorithm, errorBitSet( ) 1s 1 when the
output of the accumulator transitions from O to 1 (1.e., reaches
the threshold), and may be 1 when the output of the accumu-
lator remains at 1, depending upon an error logic status bat.
C FRROR INC and C ERROR DEC are the error incre-
ment and decrement values, respectively. If the number of
errors reaches a redetermined number (C_SHUTDOWN), the
amplifier 1s shut down via the shutdown_pwm( ) function.
The attenuate_output( ) function engages a compressor/lim-
iter, while the clearErrorBit( ) function clears the accumula-
tor.

The compressor/limiter 1s used to reduce the level of the
output signal corresponding to a given input signal level. The
compressor/limiter may be implemented 1n many different
ways. In one embodiment, the compressor/limiter does not
alfect signals that have values below a threshold value, but
compresses signals that are above the threshold. This type of
compression 1s 1llustrated by curves 510, 520 and 530 in FIG.
5. In this figure, the mput signal value 1s on the horizontal
axis, while the output signal value 1s on the vertical axis. The
different curves correspond to different levels of amplifica-
tion 1n the system. Curve 510 corresponds roughly to a 1:1
amplification for input signals below the threshold of I,.
amplification above I1 1s reduced to approximately 1:0.1,
thereby compressing the portion of the output signal that
exceeds output threshold O,. Curve 520 corresponds to a 1:0.8
amplification and curve 530 corresponds to a 1:0.6 amplifi-
cation for input signals below the threshold of I,. amplifica-
tion above I1 1s reduced to approximately 1:0.1, thereby

compressing the portion of the output signal that exceeds
output threshold O..

In one embodiment, the system 1s configured with one
over-current channel per audio channel. The over-current
channel 1includes a resistor and corresponding comparator to
generate a binary protection signal which 1s provided to an
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accumulator for the channel. The accumulator 1s programmed
to accumulate the mput of the comparator with a time con-
stant 1n the range from 100 ns to 1 us. If the accumulator
reaches 1ts threshold value, a sticky-bit 1s set, and a message
1s transmitted to the PWM controller. In one embodiment, this
message 1s to reduce the power being applied to the audio
output. The accumulator 1s not cleared by the soltware.
Instead, the system continues to operate at reduced power
until the over-current condition 1s abated for some period of
time, as determined by the time constant of the accumulator.
In another embodiment, the message to the PWM controller
may be to shut off the power to the audio output. This mecha-
nism may be implemented 1n hardware, software, or a com-
bination thereol. An exemplary soiftware algorithm which
may be employed 1n this instance 1s shown below.

if (errorBitSet( ) == 1)

{

error += C_ ERROR__INC;
attenuate__ output( );

h

else
error —= C__ ERROR__DEC;
if (error > C_SHUTDOWN)

shutdown_ pwm( );

The functions used 1n this algorithm are generally the same
as those used in the algorithm described above 1n relation to
over-temperature protection. The primary differences are that
the accumulator 1s not cleared after the failure condition 1s
detected by the software, and the time constants are much

smaller for over-current protection.

In one embodiment, the system 1s configured with one
shoot-through channel per audio channel. As described
above, one embodiment of a PWM amplification system gen-
erates high-side and low-side pulses that turn on high-side
and low-side FETs 1n an output stage. The timing of the
high-side and low-side pulses may be adjusted to result in
more or less overlap between the pulses. 11 the pulses overlap,
both the high-side and low-side FETs are turned on, and
current can rapidly tlow through the two FETs. This current is
known as “shoot-through” current. On the other hand, 1t the
high-side and low-side pulses are not overlapped, one of the
FETs 1s turned oif before the other 1s turned on. There 1s
therefore a period during which both FET's are ofl and there 1s
little or no current flowing through the FETs. This period 1s
known as “dead time.”

In this embodiment, shoot-through calibration 1s per-
formed before the audio channel begins normal operation.
The calibration 1s performed to achieve relative timing
between the high-side and low-side pulses that neither wastes
too much power because of shoot-through current, nor causes
too much distortion arising from dead time between the
pulses. The calibration 1s performed by setting the dead time
between high-side and low-side pulses to a predetermined
maximum value (1.e., setting the pulses to overlap by a pre-
determined amount) and then gradually reducing the dead
time (adjusting the timing between the pulses) until shoot-
through occurs at a threshold level. The system then readjusts
the relative delays between the high-side and low-side signals
0 “back off” from the overlap that caused the shoot-through
condition. This “backing oif” 1s accomplished by reducing
the overlap (i.e., increasing the dead time between high-side
and low-side signals) by a predetermined amount. An exem-
plary algorithm for shoot-through calibration 1s shown below.
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setMaxDeadtime( );
repeat

{

clearAccumulator( );
runPWM( );

shortenDeadtime( );
}until (errorBitSet( ) == 1)
expandDeadtime( );

As used 1n this algorithm, the setMaxDeadtime( ) function
sets the high-side and low-side signal delays so that the dead
time between high-side and low-side pulses 1s at the prede-
termined maximum value. The shortenDeadtime( ) function
incrementally decreases the dead time, while the expand-
Deadtime( ) function increases the dead time by a predeter-
mined amount.

Those of skill 1n the art will understand that information
and signals may be represented using any of a variety of
different technologies and techniques. For example, data,
istructions, commands, information, signals, bits, symbols,
and chips that may be referenced throughout the above
description may be represented by voltages, currents, elec-
tromagnetic waves, magnetic fields or particles, optical fields
or particles, or any combination thereof. The information and
signals may be communicated between components of the
disclosed systems using any suitable transport media, includ-
ing wires, metallic traces, vias, optical fibers, and the like.

Those of skill will further appreciate that the various 1llus-
trative logical blocks, modules, circuits, and algorithm steps
described 1n connection with the embodiments disclosed
herein may be implemented as electronic hardware, computer
soltware, or combinations of both. To clearly illustrate this
interchangeability of hardware and software, various illustra-
tive components, blocks, modules, circuits, and steps have
been described above generally 1n terms of their functionality.
Whether such functionality 1s implemented as hardware or
soltware depends upon the particular application and design
constraints 1mposed on the overall system. Those of skill 1in
the art may implement the described functionality 1in varying
ways for each particular application, but such implementation
decisions should not be interpreted as causing a departure
from the scope of the present invention.

The various illustrative logical blocks, modules, and cir-
cuits described in connection with the embodiments dis-
closed herein may be implemented or performed with general
purpose processors, digital signal processors (DSPs) or other
logic devices, application specific integrated circuits
(ASICs), field programmable gate arrays (FPGAs), discrete
gates or transistor logic, discrete hardware components, or
any combination thereol designed to perform the functions
described herein. A general purpose processor may be any
conventional processor, controller, microcontroller, state
machine or the like. A processor may also be implemented as
a combination of computing devices, e.g., a combination of a
DSP and a microprocessor, a plurality of microprocessors,
One or more microprocessors in conjunction with a DSP core,
or any other such configuration.

The steps of the methods or algorithms described 1n con-
nection with the embodiments disclosed herein may be
embodied directly in hardware, 1n software or firmware mod-
ules executed by a processor, or 1n a combination thereof. A
soltware product may reside in RAM memory, flash memory,
ROM memory, EPROM memory, EEPROM memory, regis-
ters, hard disk, a removable disk, a CD-ROM, or any other
form of storage medium known 1n the art. An exemplary
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storage medium 1s coupled to the processor such the proces-
sor can read information from, and write information to, the
storage medium. In the alternative, the storage medium may
be 1ntegral to the processor. The processor and the storage
medium may reside i an ASIC. The ASIC may reside 1n a
user terminal. In the alternative, the processor and the storage
medium may reside as discrete components 1n a user terminal.

The previous description of the disclosed embodiments 1s
provided to enable any person skilled 1n the art to make or use
the present mnvention. Various modifications to these embodi-
ments will be readily apparent to those skilled 1n the art, and
the generic principles defined herein may be applied to other
embodiments without departing from the spirit or scope of the
invention. Thus, the present mvention 1s not intended to be
limited to the embodiments shown heremn but 1s to be
accorded the widest scope consistent with the principles and
novel features disclosed herein.

The benefits and advantages which may be provided by the
present invention have been described above with regard to
specific embodiments. These benefits and advantages, and
any elements or limitations that may cause them to occur or to
become more pronounced are not to be construed as critical,
required, or essential features of any or all of the claims. As
used herein, the terms “comprises,” “comprising,” or any
other variations thereof, are intended to be interpreted as
non-exclusively imncluding the elements or limitations which
follow those terms. Accordingly, a system, method, or other
embodiment that comprises a set of elements 1s not limited to
only those elements, and may include other elements not
expressly listed or inherent to the claimed embodiment.

While the present invention has been described with refer-
ence to particular embodiments, i1t should be understood that
the embodiments are illustrative and that the scope of the
invention 1s not limited to these embodiments. Many varia-
tions, modifications, additions and improvements to the
embodiments described above are possible. It 1s contem-
plated that these vanations, modifications, additions and
improvements fall within the scope of the invention as
detailed within the following claims.

What 1s claimed 1s:

1. A system comprising:

a digital amplifier controller;

an amplifier output stage coupled to the controller, and
configured to receive audio signals from the controller;

a plurality of sensors coupled to the output stage;

a plurality of comparators each configured to compare an
output from one of the sensors to a corresponding com-
parator threshold and produce a binary protection signal
indicative of whether the comparator threshold 1is
exceeded; and

a plurality of accumulators each configured to receive a
said binary protection signal from a corresponding one
of the comparators, increment a corresponding count
when the received binary protection signal 1s a first state,
decrement the corresponding count when the received
binary protection signal 1s a second state, and output a
signal indicative of a potential failure condition when
the corresponding count exceeds a corresponding accu-
mulator threshold;

wherein the amplifier output stage includes at least two
transistors:

wherein the controller 1s configured to perform one of a
plurality of different programmable responses 1n depen-
dence on the signals imndicative of potential failure con-
ditions;

wherein one or more of the plurality of different program-
mable responses causes the system to operate 1n a modi-
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fied manner without causing a turning oil of any of the
transistors of the amplifier output stage; and

wherein 1n dependence on a said signal indicative of a

potential failure condition being output by a said accu-
mulator, the system operates 1n a modified manner for at
least a period of time during which the potential failure
condition persists until the corresponding count of the
accumulator 1s sufliciently decremented such that the
count no longer exceeds the corresponding accumulator
threshold.

2. The system of claim 1,

wherein the one or more sensors comprise at least a current

sensor and a temperature sensor;

wherein one of the comparators and one of the accumula-

tors are associated with the current sensor;
wherein another one the comparators and another one of
the accumulators are associated with the temperature
SeNnsor;

wherein the controller 1s configured to detect an over-
current condition 1n the output stage 1n dependence on
the output of the accumulator associated with the at
current sensor;

wherein the controller 1s configured to detect an over-

temperature condition 1n the output stage 1n dependence
on the output of the accumulator associated with the
temperature sensor; and

wherein the programmable response 1s selected from a

group of responses that includes compressing at least a
portion of the audio signals without causing a turning oif
of a transistor of the output stage.

3. The system of claim 1, wherein the controller comprises
a pulse width modulation (PWM) controller and the output
stage comprises a PWM output stage.

4. The system of claim 3, wherein the one or more sensors
comprise at least one current sensor, wherein the controller 1s
configured to detect shoot-through current and to respon-
stvely adjust delays between a high-side signal and a low-side
signal to mimmize the shoot-through current.

5. The system of claim 1, wherein the one or more sensors
comprise at least one current sensor.

6. The system of claim 1, wherein the one or more sensors
comprise at least one temperature sensor.

7. The system of claim 1, wherein the comparator thresh-
olds and accumulator thresholds are programmable.

8. The system of claim 1, wherein the plurality of sensors
comprise at least one current sensor and at least one tempera-
ture sensor, and wherein the controller 1s configured to detect
over-current and over-temperature conditions 1n the output
stage.

9. The system of claim 1, wherein at least one of the
plurality of programmable responses comprises compressing,
at least a portion of the audio signals.

10. A method for use with a system including an audio
amplifier output stage, the method comprising:

driving the audio amplifier output stage 1n dependence on

received audio signals;

using a sensor to sense a condition of the audio amplifier

output stage, wherein the amplifier output stage includes
at least two transistors;

comparing an output of the sensor to a first threshold to

produce a binary protection signal indicative of whether
the first threshold 1s exceeded;

incrementing a count when the binary protection signal 1s a

first state; decrementing the count when the binary pro-
tection signal 1s a second state;

producing a signal indicative of a potential failure condi-

tion when the count exceeds a second threshold:

[l
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performing one of a plurality of different programmable
responses 1n dependence on the signal indicative of the
potential failure condition, wherein the performed
response causes the system to operate in a modified
manner without causing a turning oif of any of the tran-
sistors of the amplifier output stage; and

continuing to operate the system 1n a modified manner for

at least a period of time during which the potential fail-
ure condition persists until the count 1s sufficiently dec-
remented such that the count no longer exceeds the
second threshold.

11. The method of claim 10, wherein the audio amplifier
output stage comprises a pulse width modulated (PWM) out-
put stage and wherein sensing the condition of the output
stage comprises detecting a current through a transistor of the
output stage.

12. The method of claim 11, further comprising detecting a
shoot-through condition in the output stage.

13. The method of claim 12, further comprising adjusting
relative delays between a high-side signal and a low-side
signal input to the output stage to minimize shoot-through.

14. The method of claim 10, wherein the audio amplifier
output stage comprises a pulse width modulated (PWM) out-
put stage and wherein sensing the condition of the output
stage comprises detecting a temperature of a transistor of the
output stage.

15. The method of claim 10, wherein the audio amplifier
output stage comprises a pulse width modulated (PWM) out-
put stage and wherein sensing the condition of the output
stage comprises detecting a temperature of a heat sink of the
output stage.
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16. The method of claim 10, further comprising modifying
the second threshold.

17. The method of claim 10, wherein the performed pro-
grammable response comprises compressing at least a por-
tion of the audio signals.

18. The system of claim 1, wherein:

the controller comprises a pulse width modulation (PWM)

controller and the output stage comprises a PWM output
stage.

19. The system of claim 2, wherein the at least one tem-
perature sensor 1s selected from a group consisting of:

a thermal diode;

a temperature sensitive resistor; and

a temperature sensing integrated circuit.

20. The system of claim 2, where during the compressing at
least a portion of the audio signals:

a portion of the audio signals that 1s below a compression

threshold 1s amplified by a first level; and

a portion of the audio signals that 1s above the compression

threshold 1s amplified by a second level that 1s below the
first level but 1s greater than multiplying by zero.

21. The system of claim 9, where during the compressing at
least a portion of the audio signals:

a portion of the audio signals that 1s below a compression
threshold 1s amplified by a first level; and

a portion of the audio signals that 1s above the compression
threshold 1s amplified by a second level that 1s below the
first level but 1s greater than multiplying by zero.
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